We conduct experiments in a turbulent bubbly flow to study the unknown nature of the transition between the classical -5/3 energy spectrum scaling for a single-phase turbulent flow and the -3 scaling for a swarm of bubbles rising in a quiescent liquid and of bubble-dominated turbulence. The bubblance parameter (Lance & Bataille 1991; Rensen et al. 2005) , which measures the ratio of the bubble-induced kinetic energy to the kinetic energy induced by the turbulent liquid fluctuations before bubble injection, is used to characterise the bubbly flow. We vary the bubblance parameter from b = ∞ (pseudoturbulence) to b = 0 (single-phase flow) over 2-3 orders of magnitude: ≈ O(0.01, 0.1, 5) to study its effect on the turbulent energy spectrum and liquid velocity fluctuations. The experiments are conducted in a multi-phase turbulent water tunnel with air bubbles of diameters 2-4 mm and 3-5 mm. An active-grid is used to generate nearly homogeneous and isotropic turbulence in the liquid flow. The liquid speeds and gas void fractions (α) are varied to achieve the above mentioned b parameter regimes. The experiments employ a phase-sensitive Constant Temperature Anemometry (CTA) technique, which provides in-situ flow information to help discard bubble collisions. The probability distribution functions (PDFs) of the liquid velocity fluctuations show deviations from the Gaussian profile for b > 0, i.e. when bubbles are present in the system. The PDFs are asymmetric with higher probability in the positive tails. The net liquid fluctuations in the system slightly increase with the b parameter (when b < 1) and then saturate for b > 1. The energy spectra are found to follow the -3 subrange scaling not only in the well-established case of pseudo-turbulence, but in all cases where bubbles are present in the system (b > 0), in the present parameter regime. It is remarkable that this -3 scaling is followed even for small b parameter values (b ∼ O(0.01)). This implies that the bubbles are extremely efficient in leaving their spectral signature in the flow, presumably due to the long lifetime of the bubbles' wake. The -3 spectrum scaling thus seems to be a generic feature of turbulent bubbly flows.
Introduction
Turbulent bubbly flow has important industrial applications such as in chemical industries and steel plants (Deckwer 1992) . A fundamental understanding of the influence of bubbles on turbulence is crucial for better designs and optimal utilization of resources (Magnaudet & Eames 2000; Ern et al. 2012) . The fundamental question we study in this work is: How do bubbles modify the turbulence? -i.e. what is their effect on the turbulent energy spectrum and liquid velocity fluctuations. The source of energy input in turbulent bubbly flows can have a contribution from both bubbles and some other external forcing (which affect the liquid fluctuations). Depending on this source of energy input, we can have various regimes in turbulent bubbly flows. The bubblance parameter "b" was introduced (Lance & Bataille (1991) ; Rensen et al. (2005) ) to distinguish between the regimes of pseudo-turbulence (i.e. turbulence driven solely by bubbles rising in a quiescent fluid) and turbulence induced by liquid fluctuations alone. The bubblance parameter is defined as a ratio of the bubble-induced kinetic energy to the kinetic energy induced by the turbulent liquid alone without bubbles:
where, α is the bubble concentration (void fraction), U r is the bubble rise velocity in still water, and u 0 is the typical turbulent liquid fluctuation in the absence of bubbles. The extreme cases are b = 0 for single-phase turbulent flow (i.e. bubbles being absent in the flow) and b = ∞ for pseudo-turbulence. Pioneering measurements by Lance & Bataille (1991) used hot-wire and Laser Doppler Anemometry (LDA) in a turbulent bubbly flow to show that the classical -5/3 Kolmogorov energy spectrum exponent is progressively substituted by a -8/3 exponent with increasing gas fraction α. They proposed that the steeper spectrum originates from the immediate dissipation of bubble wakes. They also put forward arguments based on dimensional analysis that the energy spectrum exponent is -3 for pseudo-turbulence. From the definition of the bubblance parameter, one would expect different spectral scaling behaviour depending on the energy input that is more dominant. For b << 1 the activegrid-induced turbulent fluctuations would be more dominant and hence the spectrum exponent would be close to -5/3 (Kolmogorov). When b >> 1, the bubble-induced fluctuations would be important and the exponent would be closer to -3 (see Rensen et al. (2005) for a review). Recent experiments (e.g. Martinez Mercado et al. 2010) have conclusively found that the energy spectrum exponent is close to -3 for the pseudo-turbulent case (b = ∞). Other experiments in the wake of a swarm of rising bubbles (b = ∞) also found a spectral exponent ∼ -3 (Riboux et al. 2010) . Although a few early studies (e.g. Cui et al. 2004; Mudde et al. 1997) have reported a spectrum scaling of -5/3 for b = ∞, recent work have clearly established that the pseudo-turbulence spectrum scaling is close to -3 (Martinez Mercado et al. 2010; Mendez-Diaz et al. 2013; Riboux et al. 2013) . In fact, the -3 spectrum scaling is found to be robust even if the bubble size is changed, or if higher viscosity liquids are used instead of water. The recent study by Mendez-Diaz et al. (2013) suggests that the specific details of the hydrodynamic interactions among bubbles do not influence the way in which the pseudo-turbulent fluctuations are produced. The current understanding is that the bubble-induced turbulence mainly results from the bubble wakes. The importance of the bubble wakes on the -3 spectrum scaling has also been established using numerical simulations by comparing the spectrum scalings between point-like bubble simulations (Mazzitelli & Lohse 2009 ) and fully-resolved simulations of freely rising deformable bubbles (Roghair et al. 2011) , with the former one giving -5/3 due to the absence of wakes, and the latter fully-resolved simulations giving -3 as the spectral scaling exponent.
A new approach proposed by Risso et al. (2008) is to decompose the total liquid fluctuations into two contributions: spatial and temporal parts. Experiments with rising bubbles can only measure the sum of the spatial and the temporal fluctuations; and the two contributions cannot be easily distinguished. However, experiments with a fixed array of spheres distributed randomly in a uniform flow have been able to separately study the two contributions (Risso et al. 2008) . These experiments have suggested that the spatial contribution is dominant over the temporal part upto bubble Reynolds numbers ∼ 1000. Recent numerical simulations have found that the spectra of both the spatial and temporal contributions result in a -3 scaling (Riboux et al. 2013) . In the present work, we add external turbulence using an active-grid to the system of rising bubbles by varying the b parameter.
Previous work has mainly been concerned with the extreme values of the b parameter, i.e. either pseudo-turbulence (b = ∞) or single-phase turbulence (b = 0). Our focus in this paper is to study what happens in between these extremes b = ∞ and b = 0 as the energy spectrum scaling and the liquid velocity fluctuation statistics are not well known for large ranges of intermediate b. In this paper, we thus want to systematically analyse the flow as a function of the b parameter between the cases of single-phase turbulence (b = 0), turbulence with some bubbles (0 < b < 5). The b parameter is varied over 2-3 orders of magnitude, namely from 0.01 to 5, and the pseudo turbulent case b = ∞ is also included.
In the next section, we describe the experimental setup, tools and methods used. This is followed by the results section where we describe our findings for the liquid velocity fluctuations and energy spectra. We provide an interpretation of our results in the discussion section and summarise our work.
Experiments

Experimental setup
The experiments are carried out in the Twente Water Tunnel (TWT) facility, which is an 8m-high vertical water tunnel (see Figure 1) . The measurement section of the TWT (dimensions: 2m × 0.45m × 0.45m) is made of transparent glass to provide optical access for flow visualization and measurements. We place the phase-sensitive CTA (hot-film) probe in the centre of this measurement section, more details on this technique are discussed in the next section. An active-grid is used to generate nearly homogeneous and isotropic turbulent flow in the liquid phase and it is placed below the test section (Poorte & Biesheuvel (2002) ; Prakash et al. (2012); Martinez Mercado et al. (2012) ). Air bubbles are generated by blowing air through islands of capillary needles that are located below the measurement section. A U-tube setup mounted in the measurement section is used to measure the gas void fraction α (see Rensen et al. (2005); Martinez Mercado et al. (2010) for more details). The bubbles pass through the active-grid, rise through the measurement section and eventually escape through an open vent at the top of the TWT. The liquid mean flow is driven by a pump which recirculates the water throughout the TWT. The bubbles rise along with the upward mean flow in the measurement section; in other words, the system is a co-flowing turbulent upward bubbly flow.
In the present experiments, the b parameter:
is varied by changing: (i) the volume flow rate of air (i.e. equivalent to changing the gas void fraction α) through the capillary islands, (ii) the magnitude of the mean flow speed of water in the upward direction (to effectively change the turbulence intensity u 0 ). In equation 1.1, U r is the typical bubble rise velocity (in still water), and for both set 1 and set 2 we assume U r ≈ 23 cm s −1 (Clift et al. 1978) . We vary the bubble diameter by changing the inner diameter of the capillary needles in the bubble generating islands. Air bubbles of diameter 3-5 mm and 2-4 mm are produced using capillary needles of inner diameter 500 µm and 120 µm, respectively. We classify our experiments into two sets based on the bubble diameter -experiments with bubbles of diameter 3-5 mm belong to set 1, and experiments with bubbles of diameter 2-4 mm are referred to as set 2 (see Table 1 ).
We obtain b parameter values from ∞ to 0 by varying the void fraction (2 to 0%) and the mean flow velocity (0 to 60 cm s −1 ). Table 1 lists all the different parameters varied in the present experiments. The turbulent flow properties (e.g. u 0 ) are characterised by set 1 set 2 In order to visualise the flow, a Photron-PCI 1024 high-speed camera was focused on a vertical plane at the centre of the measurement section. We acquired two-dimensional images of each experiment using the camera (at 1000Hz) and some of these snapshots are shown in Figure 2 . The b = ∞ experiments are shown in Figure 2 (a) and (b) where the gas void fractions are α = 2% and 1%, respectively. The dense nature of the flow at such void fractions is evident: the flow is opaque and the phase-sensitive CTA probe is barely visible. As we proceed to look at the other cases in Figure 2 (c)-(f), α decreases, and the liquid mean flow speeds (U l ) increase, corresponding to a decrease in the b parameter from ∞ to 0.03. In our experiments, the bubbles must pass through the active-grid, which consists of randomly oscillating steel flaps (≈ few rotations per second) to generate the required turbulence. At any given instant of time, the active grid is 50% transparent (open) to the flow. Hence, the bubbles face a slight obstruction and sometimes interact with the steel flaps. The obstruction has a local effect which is negligible when considering the overall flow, and the CTA probe is located sufficiently far away (≈ 1m) from the active-grid. The bubble-flap interaction, however, causes fragmentation of the bubbles and results in a decrease of the diameter of the bubbles. This bubble diameter decrease becomes apparent at higher liquid mean flow speeds (U l ), as seen in Figure 2 
We obtain a quantitative measurement of the bubble diameter using the images acquired ( Figure 2 ) from the individual experiments. The bubbles highly deform over time, and given the dense nature (high α) of the flows, there is currently no reliable automated image processing algorithm available to accurately determine the bubble diameter. Hence, we had to resort to a manual procedure -where individual bubble boundaries are marked using mouse-clicks in the open-source ImageJ software. An ellipse is fitted to the deformed bubble boundaries, and the equivalent bubble diameter is calculated as:
where d l and d s are the long and short axes of the ellipsoidal bubble. In each experiment, we measure the diameters of ≈ 50 − 100 bubble samples, and then take the mean value of the distribution to be the equivalent diameter of the bubble. In Figure 3 we observe that the bubble diameter decreases with a decrease in the b parameter (increasing liquid mean flow speeds). The decrease in the bubble diameters at higher liquid mean flow speeds is mainly due to the fragmentation of the bubbles (as described above) (also see Prakash et al. (2012) ). Here, the error bars represent the standard deviation of the measured distribution of bubble diameters.
At high mean flow speeds, air is entrained from an open vent at the top of the TWT because of oscillations of the free-surface exposed to the atmosphere. The entrained air unavoidably results in micro-bubbles which are fed back into the measurement section and contaminate the flow. These entrained micro-bubbles pose a problem at mean flow speeds higher than 30 cm s −1 , and are visible (as very small bubbles) in Figure 2 (e) and (f). It is necessary to account for these micro-bubbles in the data analysis, and this issue will be discussed further below.
The present experiments in the pseudo-turbulence regime (b = ∞) for set 1, are essentially the same as the measurements carried out in Martinez Mercado et al. Rensen et al. (2005) . These methods essentially come up with an indicator function that labels the gas and liquid phase separately. However, a much better approach to eliminate the bubbly spikes from the CTA signal is to measure the indicator function in-situ during the experiments. This can be done by attaching optic fibres with a diameter of ∼ 100 µm close to the hot-film probe (at a distance ∼1 mm) to detect the gas phase. Light is continuously passed through the optic fibre, and when a bubble collides with the probe, the change in refractive index of the gas phase results in a signal change. This technique, called the phase-sensitive Constant Temperature Anemometry (CTA) was developed by van den Berg et al. (2011) and is used in Martinez Mercado et al. (2010) and Mendez-Diaz et al. (2013) . This method can be used to directly detect and remove the bubbly spikes in the hot-film signal.
In this work, we follow almost the same experimental procedure and analysis as in Martinez Mercado et al. (2010) , but the important difference here is that we vary the b parameter over a wide range to cover the regimes between pseudo-turbulence (b = ∞) and single-phase turbulent flow (b = 0). The phase indicator function obtained using information from the optic fibre signal labels the liquid fluctuations and bubble collisions separately. This is used to remove the bubbly spikes and separate the segments containing only liquid fluctuations from the time series signal for further analysis. The power spectrum was calculated for each segment of liquid fluctuation and averaged to obtain the spectrum for a particular case of b. The phase-sensitive CTA probe is calibrated by simultaneous measurement of absolute velocities of the single-phase using a DANTEC Laser Doppler Anemometry (LDA) setup (as in Prakash et al. (2012); Martinez Mercado et al. (2012) ). The standard King's law fit is used for the voltage-velocity data. The acquisition rate was 10 kHz and the measurements were carried out for a duration of 1 hour in each case.
The phase-sensitive CTA technique works very well for pseudo-turbulent bubbly flows where the bubble diameters are in the range ∼ 2-5 mm. However, when micro-bubbles collide with the CTA probe, the optic fibres will not be able to register the collision. The reasons for this are two-fold: (i) the micro-bubbles are small in size ( 300 µm diameter), and (ii) the separation distance between the CTA probe and the optical fibres is larger (∼ 1 mm) than the micro-bubble size. As we mentioned before, micro-bubbles cause a contamination in the present experiments when the mean flow speeds exceed 30 cm s −1 . In these experiments, we inevitably use a threshold method to remove the micro-bubble collisions, in addition to the phase information obtained from the optic fibres. Further, to keep the data analysis consistent, the combination of the optical fibres and the threshold method is also used in all the experiments except pseudo-turbulence, where only the optical fibres are used.
Results and discussion
Liquid velocity statistics
The liquid velocity time-series signal was measured using the phase-sensitive CTA technique at different b parameter values. We now consider the statistics of these liquid velocity fluctuations using the separated segments of the signal which are free from the bubble collisions. In Figure 4 , we present the normalized liquid velocity probability distribution functions (PDFs) for the different values of b covered in the present work, including both set 1 and set 2 experiments (see Table 1 (Figure 4(a) ). In the pseudo-turbulent cases (b = ∞) of the set 2 experiments, the velocity PDFs also show a clear deviation from the Gaussian distribution, with more upward fluctuations (Figure 4(b) ). Within these experiments (b = ∞), for different void fractions (α = 2%, 1.5%, 1%, 0.8%, 0.5%) there is no clear trend, but all the cases show an asymmetric profile compared to the purely liquid phase (b = 0). As the b parameter decreases to b = 4.13-1.03 in the set 1 experiments (Figure 4(c) ), we see both increases and decreases in the positive tails compared to the pseudo-turbulent cases. In the set 2 experiments, at b = 4.13-1.03 (Figure 4(d) ), the results are comparable to the pseudo-turbulence cases (Figure 4(b) ). In Figure 4 We further examine the statistics of the liquid velocity fluctuations for different values of the b parameter. In Figure 5 , we plot the standard deviation values of the liquid fluctuations for each case of the b parameter. In Figure 5 , as we move towards the left (b → 0), the energy induced by the liquid mean flow starts to become dominant, and as we move towards the right (b → ∞), the energy induced by the bubbles is dominant. The net liquid fluctuations in the system, measured by the standard deviation of the liquid fluctuations, slightly increase with increase in the b parameter up to b ≈ 1 (as indicated in Figure 5) , and then saturate. When b < 1, the externally-induced turbulent energy (resulting from the active-grid) weakly decreases the net fluctuations with decrease in the b parameter. When b > 1, the bubble-induced kinetic energy dominates and there is no dependence of the fluctuations on the b parameter. This implies that adding the active-grid-induced external turbulence to a bubbly flow does not significantly change the total liquid fluctuations. There is a reasonable agreement between the trends shown by the two datasets (set 1 and set 2) in the present study. We discuss results on the velocity PDFs and energy spectra at three regimes based on the classification in Figure 5 : the pseudo-turbulence regime (b = ∞), the mixed regime b > 1 (b ∼ O (1)), and the mixed regime approaching single-phase b < 1 (b ∼ O(0.1, 0.01)).
Energy Spectra
We will now focus on the turbulent energy spectrum of the liquid velocity fluctuations at the different regimes of b. The energy spectrum scaling is well-established for the standard cases of single-phase turbulence (b = 0): the classical Kolmogorov -5/3 scaling (apart from intermittency corrections, Pope (2000) (2013)). Here, we want to investigate how the spectrum scaling changes from pseudo-turbulence (-3) to single-phase turbulence (-5/3). The energy spectrum (Power Spectral Density, PSD) was calculated for individual segments of the liquid fluctuations (free from bubbly spikes) using the Welch method (using hamming windows) at fixed frequencies, and then averaged over all the liquid segments in the measurement to obtain the final result (as in Martinez Mercado et al. (2010)). The segments selected for the spectrum calculation must have a certain minimum length to properly resolve all the frequencies; segments that are too short will lack information on the large length-scales (low frequencies) and will simply add to the high frequency components of the spectrum (noise). We investigate the effect of varying this minimum sample size criterion on the spectrum for a selected case of b = 0.23 (set 2); the results are shown in Figure 6 . We observe drastic changes in the spectra depending on the value of the minimum sample length. In Figure 6 (a) we show the spectra directly obtained from the calculation. Both the amplitude and the scaling change; with a monotonic decrease in energy with increase in sample length. This is expected because when we increase the minimum sample length considered, we have fewer segments considered and the average energy decreases. In the extreme case of minimum sample length of 10000 data points (∼ 1s), the spectrum looks noisy as it was averaged only over 80 segments. For the present data, we have selected an optimal minimum sample length of 200 data points (∼ 0.02s), which nicely resolves all the frequencies (the spectrum is averaged over 14500 segments). In Figure 6 (b), we show the same spectra after normalising the area under the curve to be equal to unity. We observe that the selected value of 200 is an optimal value; the extreme values (20, 10000) show deviations in the scaling. In the sections that follow, we present results for the normalised spectra in all the cases of b parameter as it allows us to focus solely on changes in the scaling. The energy in the non-normalised spectra depends on the number of samples considered in the averaging, and this can differ in each experiment as it depends on the flow conditions; hence, we normalise the spectra.
The spectra for different values of b are shown in Figure 7 . The shown spectra are the calculated PSD (in arbitrary units) per frequency versus the frequency (in Hz), and they are normalised so that the area under the curve equals unity. The solid lines are drawn to aid comparison of the present results with the two 'standard' power law scalings (-3 and -5/3). We also show these spectra compensated with the -5/3 and -3 scaling in Figures 8(a),(b) and (c),(d) respectively. The single-phase turbulent spectrum is shown in all the cases and serves as a reference case. As expected, the single-phase spectrum (b = 0, black solid line) shows a good agreement with the Kolmogorov -5/3 scaling in the inertial range (at lower frequencies, large length scales), and rapidly drops in energy as we move towards the dissipative range (higher frequencies, smaller length scales).
We first consider the bubbly spectra in the pseudo-turbulence regime (b = ∞) from the set 1 experiments (see Table 1 ) in Figure 7 (a). These pseudo-turbulence cases, b = ∞, α = 2% and 1.17% nicely follow the -3 scaling, with a clear deviation from the singlephase spectrum, confirming previous results (e.g. Martinez Mercado et al. (2010); Riboux et al. (2013); Mendez-Diaz et al. (2013) ). It is believed that the -3 spectrum sub-range at intermediate length scales originates from the wakes of the rising bubbles. We mark the characteristic frequency of the freely rising bubbles (set 1): f b1 ≈ U r /2πd b1 ≈ 9 O(10) Hz, where, U r 23 cm s −1 (Clift et al. 1978 ) is the bubble rise velocity in still water, and d b1 = 5-3 mm is the range of bubble diameters (see Figure 3) . This frequency f b1 represents a transition (or cut-off) frequency where the bubbly spectra change slope from -5/3 (Kolmogorov) to -3 (pseudo-turbulence). The bubbly spectra follow the -5/3 (Kolmogorov) scaling till the transition frequency f b1 , beyond which they follow the -3 pseudo-turbulence scaling. In Figure 7 (b), we compare these pseudo-turbulence results (set 1 experiments) to a different size distribution (set 2 experiments) of the bubbles (see Table 1 ). All of the b = ∞ cases in the set 2 experiments with α = 2, 1.5, 1, 0.8, 0.5%, nicely follow the -3 spectrum scaling beyond the transition frequency f b2 (also see the -3 compensated plot - Figure 8(d) ). Here, the characteristic bubble frequency is f b2 ≈ U r /2πd b2 ≈ 12 O(10) Hz, where, U r 23 cm s −1 (Clift et al. 1978 ) is the bubble rise velocity in still water, and d b2 = 4−2mm is the bubble diameter for the set 2 experiments (see Figure 3) . These results once again confirm the typical pseudo-turbulence -3 energy spectrum scaling for freely rising bubbles. Hence, for length scales smaller than the bubble size (f > f b ), the turbulence induced by the bubble wakes results in a -3 scaling and for larger length scales (f < f b ), the classical Kolmogorov -5/3 scaling seems to hold. (Figure 5 ), then the question is whether there is a change in the spectra? The spectrum results for the set 1 experiments (b = 4.13, 2.06, 1.03) and set 2 experiments (b = 4.13, 2.06, 1.03) are shown in Figure 7 (c) and (d) respectively. We observe that the spectra do not change significantly as compared to the pseudo-turbulent case. Although there is a very slight energy decrease at frequencies around 100 Hz compared the pseudo-turbulent cases, the -3 scaling still holds.
At b parameter values less than 1 (b < 1), we have previously seen (in Figure 5 ) that the net liquid velocity fluctuations show a weak decrease with decreasing b parameter value. In this regime, the surrounding liquid turbulence starts to have a dominant contribution. Hence, it is interesting to study how the spectra eventually approach the single-phase scaling behaviour. We now look at the spectral results for b parameter values in the order of ∼O(0.1,0.01). Figure 7 (e) shows the spectrum results for the set 1 experiments with b parameter values b = 0.78 − 0.01. Surprisingly, we observe that the -3 scaling is still followed in all the cases beyond the transition frequency f b1 . We can also observe a very slight increase in energy at the intermediate scales (around frequencies ∼ 100 Hz) as the b parameter decreases from b = 0.78 to b = 0.01, but the -3 scaling does not change much. In the set 2 experiments (Figure 7(f) ), we cover more cases of the b parameter, b = 0.78 − 0.03, and find that the results are very similar to the set 1 experiments (Figure 7(e) ). Once again, there is a gradual energy increase at the intermediate scales as b parameter decreases from b = 0.78 to b = 0.03, but the -3 scaling is followed nicely. In the cases at low b ∼ O(0.01), the active-grid-induced turbulence dominates the flow, but remarkably the spectra still show a reasonable -3 subrange scaling. This finding suggests that even a small 'contribution' of turbulent flow by bubble wakes is sufficient to modify the spectral properties, due to the long lifetime of the bubble wakes. The two experimental sets with different bubble diameters (set 1 and set 2) have revealed essentially similar results and trends.
Discussion and summary
We have systematically varied the bubblance parameter from b = ∞ to b = 0.01, and studied in detail the liquid velocity PDFs and energy spectra. The liquid velocity PDFs for the bubbly cases (b > 0) show asymmetry, and more upward fluctuations compared to a Gaussian profile. When b < 1, the net liquid fluctuations reveal a weak dependence with the b parameter; a slight decrease in the fluctuations with decrease in b. We then looked at the effect of varying the bubblance parameter on the energy spectrum scaling. We have seen in Figure 7 that the energy spectra for all the cases (both set 1 and set 2) with bubblance parameter b > 0 follow the -5/3 Kolmogorov spectrum scaling at the large length-scales (see Figure 8(a),(b) ). Beyond the transition frequency, all the bubbly spectra roughly exhibit the -3 subrange scaling (see Figure 8(c),(d) ), which has been associated with the bubble wakes. In our experiments, we have added active-gridinduced turbulence to the configuration of rising bubbles to change the b parameter. The active-grid-induced turbulence has a weak influence on the velocity fluctuations, but why doesn't it have an influence on the turbulent energy spectra? We will look for clues to answer this question by probing deeper into the physics of bubbly flows.
Risso and co-workers proposed that multi-body wake-interaction mechanisms can be studied by decomposing the velocity fluctuations into spatial and temporal contributions (Risso et al. 2008; Risso 2011; Riboux et al. 2013) . Denoting the spatial averaging by brackets, and time averaging by an overbar, the total variance of the velocity can be decomposed into two contributions:
The first contribution u 2 is associated with the spatial variations of the time averaged velocity. This spatial contribution is characterised by the random spatial distribution of the bubbles, and is not influenced by turbulence. The second contribution u 2 is related to temporal fluctuations, and changes with the turbulence intensity. It is evident that the spatial and temporal contributions correspond to different physical mechanisms. Although it would be beneficial to decompose their separate contributions, this is currently not possible in the present experiments because the bubbles do not rise at constant velocity and move relative to each other. However, such a decomposition was accomplished using experimental investigations of an array of fixed spheres (Risso et al. 2008) . They found that the spatial contribution is more dominant than the temporal one in the vertical direction (see Figure 5 in Risso et al. (2008) ) up to Reynolds numbers ∼ 1000. It was deduced that the spatial contributions are mainly responsible for the enhancement of the wake decay, in other words, the -3 subrange scaling. Risso (2011) theoretically showed that the superposition of independent random bubble disturbances may generate a continuous spectrum with a -3 subrange. Recently (Riboux et al. 2013) numerically found that both the spatial and temporal contributions exhibited the -3 subrange, which might be an explanation for why it is always observed in experiments. In our experiments, we vary the active-grid-induced turbulence intensity (and b parameter) by changing the mean flow speed. According to the discussion above, this means that we mainly change the temporal contributions, while the spatial contribution dominates in the explored parameter regime (at bubble Reynolds numbers ∼ 1000). In our experiments, it is not possible to control (or vary) the dominant spatial contribution. This is probably why we see the robust -3 subrange for turbulent bubbly flow in a wide variety of conditions (b > 0) over 2-3 orders magnitude change in the b parameter. Hence, the -3 spectrum scaling seems to be a generic feature in turbulent bubbly flow. Remarkably, the -3 spectrum scaling is followed even at very small b parameter values (∼ 0.01); i.e. when the void fraction is as low as 0.1%. Hence, the bubbles are able to modify the spectra very efficiently, even though they are present in small numbers, due to the long lifetime of their wakes. However, at extremely small bubble concentrations α 0.1% and b 0.01 the Kolmogorov-like single-phase spectrum should be recovered, but we have no hint when this will happen. It would be relevant to find this transition in future work. The bubble concentration of the transition regime may be so small that optical methods like laser doppler anemometry (LDA) or particle image velocimetry (PIV) may become applicable, and even numerical approaches with fully-resolved wakes might be suitable for this purpose. In any case, it will be interesting to test until what limit of the b parameter the -3 scaling still holds.
